Identification of 188 conserved maize microRNAs and their targets  by Zhang, Baohong et al.
FEBS Letters 580 (2006) 3753–3762Identiﬁcation of 188 conserved maize microRNAs and their targets
Baohong Zhang*, Xiaoping Pan, Todd A. Anderson*
The Institute of Environmental and Human Health, Department of Environmental Toxicology, Texas Tech University, Lubbock, TX 79409-1163, USA
Received 25 April 2006; revised 12 May 2006; accepted 31 May 2006
Available online 9 June 2006
Edited by Shou-Wei DingAbstract MicroRNAs (miRNAs) represent a newly identiﬁed
class of non-protein-coding 20 nt small RNAs which play
important roles in multiple biological processes by degrading tar-
geted mRNAs or repressing mRNA translation. After searching
a genomic survey sequence database using homologs and second-
ary structures, we found 188 maize miRNAs belonging to 29
miRNA families. Of the 188 maize miRNA genes, 28 (15%)
were found in at least one EST. A total of 115 potential targets
were identiﬁed for 26 of the miRNA families based on the fact
that miRNAs exhibit perfect or nearly perfect complementarity
with their target sequences. A majority of the targets are
transcription factors which play important roles in maize devel-
opment, including leaf, shoot, and root development. Addition-
ally, these maize miRNAs are also involved in other cellular
processes, such as signal transduction, stress response, sucrose
and cellulose synthesis, and ubiquitin protein degradation path-
way. Some of the newly identiﬁed miRNA targets may be unique
to maize.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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MicroRNAs (miRNAs) represent a newly identiﬁed class of
non-protein-coding small (20 nt) RNAs [1,2], which play an
important role in many plant biological processes, including
leaf development [3–10], stem development [11–13], root devel-
opment [13], signal transduction [13,14], developmental timing
[15–17], and responses to diﬀerent environmental stress [18–22].
miRNAs negatively regulate gene expression at the posttran-
scriptional level by repressing gene translation or degrading
targeted mRNAs [1]. Although interest in miRNAs has at-
tracted the attention of many scientists, and hundreds of plant
miRNAs and their targets have been identiﬁed by experimental
or computational approaches [23,24], a majority of the studies
were focused on two model plant species: Arabidopsis thaliana
and rice [23,24].
There are two major approaches for identifying miRNAs:
genetic approach and computational approach. Although ge-
netic approaches can be used to identify new miRNAs, their
application is limited due to the fact that genetic approaches
are expensive, time consuming, and dominated by chance*Corresponding authors.
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doi:10.1016/j.febslet.2006.05.063and serendipity [25]. Computational approaches have been
widely used to identify miRNAs in plants and animals [2,26].
However, a majority of computational approaches are based
on whole genome sequences which makes it a little diﬃcult
to identify miRNAs in a wide range of species [2,26]. Thus,
currently a majority of identiﬁed miRNAs and their targets
were limited to a few species, especially the model species, such
as A. thaliana and rice in plants, Caenorhabditis elegans and
human in animals [23,24].
Maize is an important crop which has served as a signiﬁcant
part of the food consumed by humans and domestic animals
for thousands of years. Due to its large genome size, the gen-
ome sequence for maize has not been completely elucidated.
Several laboratories have attempted to identify miRNAs from
maize [2,4,18,27–29], and a total of 97 maize miRNAs have
been deposited in the publicly available miRNA database
(miRBase) [23,24].
It is recognized that a majority of known miRNAs are evo-
lutionarily conserved, some from ferns and mosses to higher
ﬂowering plants in the plant kingdom [18,20,21,30–37], and
from worms to humans in animals [38,39]. This conservation
provides a powerful approach for identifying new miRNA
homologues in other species using previously identiﬁed miR-
NA sequences [18,38]. Using this approach, Weber [38] identi-
ﬁed 35 human miRNA homologues by searching human
orthologues of recently identiﬁed mouse and/or rat miRNAs,
and 45 mouse miRNA homologues by searching human miR-
NAs deposited in the miRNA Registry Database. Recently, we
developed an eﬃcient and comprehensive approach to mine
undiscovered miRNAs by homology search [18].
The molecular mechanism of miRNA-mediated gene expres-
sion is that miRNAs perfectly or near perfectly complement
with targeted mRNA sequences, and then degrade targeted
mRNAs or repress mRNA translation [1]. The complementary
sequence suggests a powerful method for identifying miRNA
targets by BLAST analyses or other related publicly available
software. Currently, a majority of the miRNA targets have
been identiﬁed by this approach [26,40]. A majority of these
predicted plant miRNA targets were conﬁrmed by experimen-
tal approaches including Northern blotting, transgenic ap-
proaches for miRNA-resistant mutants and regulating
miRNA expression, and/or 5 0 rapid ampliﬁcation of cDNA
ends (5 0 RACE) [23,24].
In this study, we used the characteristic features of previ-
ously known A. thaliana and rice miRNAs to systematically
search the conserved maize miRNA homologues in the pub-
licly available genome survey sequence (GSS) database. We
also used the feature of extensive sequence complementarity
between miRNAs and their target mRNAs to predict miR-
NA-regulated genes in maize. Our results indicate that ablished by Elsevier B.V. All rights reserved.
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families have homologues in maize. A total of 188 maize miR-
NAs were identiﬁed, and a total of 115 potential miRNA-tar-
geted genes were also predicted in maize.2. Materials and methods
2.1. miRNA reference set
To search potential maize miRNAs, a total of 295 previously known
A. thaliana and rice (Oryza sativa) miRNAs were deﬁned as a reference
set of miRNA sequences. These A. thaliana and rice mature miRNAs
and their precursor sequences were downloaded from the miRNA
database (miRBase) [23,24]. Out of the 295 miRNAs in A. thaliana
and rice, 100 (62 in A. thaliana and 38 in rice) have been validated
by experimental approaches including direct cloning technologies,
Northern blotting, PCR, and/or 5 0 rapid ampliﬁcation of cDNA end
(5 0RACE) [23,24].
2.2. Maize genomic survey sequences, mRNA, cDNA, and EST
sequences
Maize genomic survey sequences, mRNA, cDNA, and EST
sequences were obtained from NIH GenBank nucleotide databases.
2.3. Potential miRNAs and their precursors
Fig. 1 summarizes the procedure for searching conserved maize
miRNA homologues of previously known A. thaliana and/or rice miR-
NAs. Since only mature miRNAs, rather than miRNA precursor se-
quences, were conserved in plants, mature miRNA sequences were
the focus of BLAST search, although we also used each miRNA pre-
cursor sequence individually against the genomic survey sequence
database of GenBank. The secondary structure of genomic sequences,
with no more than four mismatches with previously known A. thaliana
and/or rice mature miRNAs, were predicted using the web-based com-
putational software MFOLD [41,42], which is publicly available at
http://www.bioinfo.rpi.edu/applications/mfold/old/rna/. In previous
studies, we found that miRNA precursor sequences have signiﬁcantly
higher negative minimal folding free energies (MFEs) and minimal
folding free energy indexes (MFEIs) than other non-coding RNAs or
mRNAs [43]. To avoid designating other RNAs as miRNA candidates,
these two characteristics and GC content were considered when pre-Known Arabidopsis or rice miRNA sequences 
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Fig. 1. Schematic representation of the miRNA gene search procedure used
miRNAs.dicting secondary structures. RNA sequences were considered miRNA
candidates only if they ﬁt the following criteria: (1) a RNA sequence
can fold into an appropriate stem-loop hairpin secondary structure;
(2) a mature miRNA sequence site in one arm of the hairpin structure;
(3) miRNAs had less than six mismatches with the opposite miRNA*
sequence in the other arm; (4) no loop or break in miRNA* sequences;
(5) predicted secondary structures had higher MFEIs, negative MFEs,
and 30–70% A + U contents; (6) predicted mature miRNAs had no
more than four nucleotide substitutions compared with A. thaliana
and/or rice mature miRNAs. These criteria signiﬁcantly reduced false
positives and required that the predicted miRNAs ﬁt the criteria pro-
posed by Ambros and co-workers [44].
2.4. Potential miRNA targets
Previous studies demonstrated that all miRNAs regulate gene
expression by binding to targeted mRNA sequences in a perfect or
near-perfect complementary site [1]. This makes it easy to predict plant
miRNA targets simply using a homology search. In this study, we used
the same procedure described above for predicting miRNA homo-
logues, to predict potential miRNA targets in a protein-coding gene
database instead of a genomic survey sequence database. We tested
the 188 identiﬁed miRNAs against the GenBank protein-coding nucle-
otide database using BLASTn search [45] and the maize DNA data-
base from the Institute for Genome Research (TIGR) at http://
www.tigr.org/ using miRU [46]. The number of allowed mismatches
at complementary sites between miRNA sequences and potential
mRNA targets was four or fewer, and no gaps were allowed at the
complementary sites.
2.5. Potential miRNA expression data
The expression of potential miRNAs was checked against the ex-
pressed sequence tag (EST) database using all identiﬁed maize miRNA
homologs.3. Results and discussion
3.1. Potential maize miRNAs identiﬁed
A total of 285,269 maize sequences were obtained using all
previously known A. thaliana and rice miRNAs individually
against the genomic survey sequence database in GenBank.Genome survey databases in NCBI 
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known A. thaliana and/or rice mature miRNA sequences.
The secondary structures of all 678 sequences were predicted
and generated using the Zucker folding algorithm with
MFOLD 3.1. After carefully evaluating the secondary struc-
tures using the criteria described in the method section, 506
maize genomic survey sequences were determined to contain
miRNA homologs of known A. thaliana and/or rice miRNAs.
The miRNA precursor sequence was extracted from each
genomic survey sequence. A total of 188 miRNAs (which be-
longed to 29 miRNA families) were obtained after carefully
comparing these 506 precursor sequences and removing re-
peated and/or protein-coding sequences (Supplemental mate-
rial Table S1).
The 188 identiﬁed maize miRNAs belong to 29 miRNA fam-
ilies (Supplemental material Table S1). miRNA 165/166, miR-
NA 167, and miRNA 169 each has 21 members; other miRNA
families, such as miRNA 158, miRNA 407, miRNA 408, miR-
NA 413, miRNA 414, and miRNA 447, only 1 member was
identiﬁed (Fig. 2). This familial distribution of maize miRNAs
was similar to A. thaliana and rice miRNAs in which miRNA
169 and miRNA 167 have the most members [23,24,37]. The0
5
10
15
20
25
15
6/
15
7
15
8
15
9
16
0
16
2
16
4
16
5/
16
6
16
7
16
8
16
9
17
0/
17
1
17
2
17
3
31
9
miRNA 
N
um
be
r o
f m
iR
N
A
s
Fig. 2. miRNA famil
0
5
10
15
20
25
65
-7
4
75
-7
9
80
-8
4
85
-8
9
90
-9
4
95
-9
9
10
0-
10
4
10
5-
10
9
11
0-
11
4
11
5-
11
9
12
0-
12
4
12
5-
12
9
13
0-
13
4
13
5-
13
9
14
0-
14
4
14
5-
14
9
Sequence len
N
um
be
r o
f m
iR
N
A
s
Fig. 3. Size distribution onumber may be indicative of their function in miRNA-medi-
ated gene regulation although a majority of their target genes
have not been identiﬁed.
For the maize miRNAs identiﬁed, diversity was not only ob-
served in the numbers within each miRNA family, but also in
other aspects, such as the location of the mature miRNA se-
quence, and the length of miRNA precursors. Some mature
miRNA sequences are located at the 5 0 end of the miRNA pre-
cursor sequence, others at the 3 0 end. The length of miRNA
precursors varied from 65 to 342 nucleotides with an average
of 126 ± 51. However, a majority of the newly identiﬁed miR-
NAs (72.9%) have 65–144 nucleotides, with about half of the
miRNAs (44.7%) at 75–104 nucleotides (Fig. 3). This is similar
to A. thaliana and rice miRNAs [37,47]. Compared with ani-
mal miRNAs, which have consistent nucleotide lengths
(70–80 nt) [1,48], the length of plant (including maize) miR-
NA precursors varied. It is unclear whether plant miRNA pre-
cursors contain some other genetic and/or regulatory elements
which are important for miRNA biogenesis and/or function.
Although all identiﬁed maize miRNAs had similar predicted
stem-loop hairpin structures, their hairpin shapes varied due
to diﬀerence in length (Fig. 4).39
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Fig. 4. Predicted hairpin secondary structures of identiﬁed miRNAs.
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tered [48–52]. In human, the miR-17 cluster contains 6 miRNA
members; this cluster was also conserved in other mammals
[50,53,54]. Recently, Seitz and co-workers [49] found that a to-
tal of 40 miRNA genes were located in the 1 MB human im-
printed 14q32 domain genome [49]. Clustered miRNAs
possibly evolve through a single miRNA duplication and tran-
scribe as polycistrons [50,52]. Plant miRNA clusters were not
frequently observed. Recently, two research groups indepen-
dently found that 2 miR 395 clusters contained 2 and 3 mem-
bers [21,37] in A. thaliana and rice. Here, we found that not
only miRNA 395 but also miRNA 393 clustered together.
Each cluster has two miRNA genes on opposite arms of the
predicted secondary structure. These clustered miRNAs may
evolve from the same ancestor and be expressed as a polyci-
stron. The diﬀerent miRNA cluster patterns between animals
and plants suggest that animal and plant miRNAs may have
diﬀerent origins and evolution mechanisms. Although two
members of the miRNA 393 cluster were only separated by
43 nucleotides, they were located on diﬀerent strands. This
suggests that miRNA 393 may evolve by inverted duplication
of miRNA as has been observed in animal miRNAs [55].
Although hundreds of miRNAs have been identiﬁed in
plants, a majority of them were obtained from A. thaliana
and rice [23,24]. In this study, we identiﬁed 188 potential miR-
NAs in maize, including all 97 miRNAs deposited in the miR-
NA database (miRBase). This number is actually larger than
the number of miRNAs identiﬁed in A. thaliana (117) and rice
(178). However, several miRNA families were not found in
maize. These unidentiﬁed miRNA families were only previ-
ously identiﬁed from rice; they maybe rice-speciﬁc miRNAs.
Previous studies established that miRNAs may contain about
1% of all protein-coding genes [25,56,57]. However, this esti-Table 1
ESTs containing maize miRNAs
miRNA EST
156d CF036467, C
156g CF059465
156h CF036982, C
159a CO451386
159c DR963981,
159g BM338067
160d DR802862
160e CD445121,
164h DR805151
166a CO531986
166j DR786083,
166p DR799919,
166s CO531986
167m CF630597
168a DR808681,
168b DR811911,
169r DR805661
171b CD441617 (
171c DR828009,
319b DN205458
319d DR814353 (
394b DR811895
396h CF349199
396k BM350675 (
396l BM350675 (
398c CF064240
408 BQ619184,
444a CK347866mate was based on animal genomes. If it was true in plants,
maize should have about 590 miRNA genes in its genome
due to the fact that there are about 59000 protein-coding genes
in maize [58,59]. This suggests that there are still lots of undis-
covered maize miRNAs. These undiscovered miRNAs are
likely maize-speciﬁc genes, or have not been identiﬁed due to
the limitations of current approaches and/or nucleotide dat-
abases.
3.2. Evidence for maize miRNA expression
ESTs are partial transcriptional sequences of genes. After
searching maize EST databases, 28 of the 188 identiﬁed miR-
NAs were found in 50 EST sequences (Table 1). For some
miRNAs, such as miRNA 156h, multiple ESTs (7) were found
to contain miRNA genes. Only 15% of the identiﬁed miRNAs
were found in ESTs. The length of ESTs is usually more than
300 nt, but a majority of miRNA precursors are only 80–
160 nt [37,43]. This indicates that EST sequences not only con-
tain a miRNA precursor sequence, but also other sequences,
such as sequences beyond the stem loop. Some miRNAs may
also transcript with other element sequences which may have
some role in miRNA biogenesis, but this need more evidence
to be conﬁrmed.
3.3. Maize miRNA targets
miRNAs play an important role in regulating a variety of
biological processes [48]. The regulation mechanisms include
repression of translation [15,16] and cleavage of targeted
mRNAs [60,61]. miRNAs may directly target transcription
factors which aﬀect plant development, and also speciﬁc genes
which control metabolism.
In this study, we identiﬁed a total of 115 potential targets for
the 26 identiﬁed miRNA families in maize based on the factF035522
F037245, CF036852, CF036471, CF036182, CF035885, CF039276
DR822215, DR805371, DR802561, DN226867
DN215853
DR786082
CO521288, CK369135(1)
BU099153
DR786201, BG842539, BG842528
1)
DN218320
2)
4)
2)
BQ618948, BM334482
3758 B. Zhang et al. / FEBS Letters 580 (2006) 3753–3762that miRNAs perfectly or near-perfectly compliment their tar-
get sequences (Fig. 5 and Table 2). These 115 potential miR-
NA targets belong to several gene families and have diﬀerent
biological functions.
First, many miRNAs directly targeted various transcrip-
tion factors which control plant development and phase
change from vegetative growth to reproductive growth. Sev-
eral studies indicate that miRNA 165/166 targets class-III
homeodomain leucine zipper (HD-ZIP) genes [3,5–9,62],
one class of important transcription factors that control leaf
development in Arabidopsis. Maize rolled leaf 1 (rld 1) gene is
a homologue of Arabidopsis HD-ZIP genes. In this study, we
found that rld1 mRNA is a near-perfect match with miRNA
165/166. In a recent study, Juarez and colleagues demon-Fig. 5. Predicted miRNA targets and their complementary sites with mRNA
(black) depicts a miRNA complementary site. Watson–Crick pairing (verticstrated that rld1 is a target of miRNA 165/166. Their results
indicated that miRNA 165/166 targeted rld1, repressed its
translation, and further aﬀected leaf development and leaf
pattern [4].
Another experimentally conﬁrmed miRNA-targeted tran-
scription factor is GLOSSY 15 (gl 15) [63,64] and indetermi-
nate spikelet 1 (ids 1) [65] that control ﬂoral development
and phase transition [66]. GLOSSY 15 and indeterminate
spikelet 1 are APETALA2-like transcription factors, and they
play an important role in ﬂoral formation, spikelet meristem
fate, and the epidermal juvenile-to-adult phase transition in
maize [63,65] and other plant species [15,16]. Recently, Lauter
and co-workers [66] experimentally demonstrated that miRNA
172 downregulates gly15 to promote vegetative phase changes. Each top strand depicts the miRNA (red), and each bottom strand
al dashes) and G:U wobble pairing (circles) are indicated.
Table 2
Potential targets of the 188 miRNAs in maize
miRNA Targeted protein Target function Targeted genesa
156 Squamosa promoter binding protein-like
protein (SBP)
Transcription factor ZMA011619, ZMA011618, TC272836, TC252322,
TC273687, TC248677, TC248676
Histidine-containing phosphotransfer protein (HPt) Hormone signaling and
stress responses
TC271912, TC271910
159 MYB Transcription factor TC260832
Serine/threonine protein phosphatase PP2A–3
catalytic subunit
TC270318, TC270317, TC270321
RNA polymerase sigma factor TC252270
160 Unknown CF648203, TC264641
164 NAC Transcription factor AJ833967(NAM2), AJ833966(NAM1), NP004742,
TC258020, TC257344, TC250881, TC254042
Pentatricopeptide (PPR) repeat-containing
protein-like
Transcription factor TC276133
165/166 HD-ZIP Transcription factor AY501430(rf1), TC271068
Inositol polyphosphate-5-phosphatase-like TC256947
167 Auxin response factor (ARF) Transcription factor AY110827(ARF6), TC253310 (ARF3), TC251754
(ARF4), TC253405 (ARF4), TC253442 (ARF6),
TC271404 (ARF6), TC268913 (ARF8),
TC268965 (ARF8)
MADS box protein 1 (M5 protein) Transcription factor TC254109
168 ARGONAUTE miRNA metabolism AY109385, TC274908
169 CCAAT-binding factor (CBF) Transcription factor BT018548, TC252086, TC271961, TC251853,
TC264872, TC253766, TC264268, TC271962
171 SCARECROW-LIKE PROTEIN Transcription factor TC264725 (SCL1), TC278304 (SCL1)
Methionine S-methyltransferase TC270231
Unknown protein TC257183, TC267989
172 APETALA2-like protein Transcription factor AF048900 (ids1), AY714877 (gl15), TC278957
(Glossy15), TC263219 (ids1), TC265519 (ids1),
TC253933
Receptor-like protein kinase TC252177
173 6-phosphogluconate dehydrogenase AF061839
60S ribosomal protein L13 (BBC1 protein homolog) AW289138
319 MADS box interactor-like Transcription factor TC274797
Cytochrome P450 family protein CF649669
Transmembrane protein Mlo8 AY029319
390 Unknown CO518783
393 GRR1-like protein BT017377, TC273624
Transport inhibitor response-like protein AY109095, TC272355
394 F-box protein Transcription factor AY104147, TC261044
ADP-glucose pyrophosphorylase large subunit AF544163, AF544162, AF544161, AF544160,
AF544159TC256877
395 ATP sulfurylase AF016305
396 Polyubiquitin-like protein TC264357
tRNA isopentenyltransferase TC257702
ATP-dependent RNA helicase TC250637
GAMYB-binding protein Transcription factor TC269992
Heat shock protein 82 TC259098
Cytochrome oxidase subunit I TC255359
397 ()-Isopiperitenone reductase TC263570
Cellulose synthase TC274957
Nucleoid DNA-binding-like protein, TC276923
398 Hydroxyproline-rich glycoprotein AY110308, CF064240
Unknown BG317183
399 Phosphate transport protein TC261122, TC261123
408 Flavanone 3-b-hydroxylase TC264958
Uclacyanin 3-like protein TC273625
F-box protein Transcription factor TC265090, TC275034
Diphenol oxidase laccase TC278722
Glycine-rich cell wall structural protein 1 TC264451
413 Ser/Arg-related nuclear matrix protein TC263113
414 Nucleosome/chromatin assembly factor AY232823
Senescence-associated protein DH AY758355
Autonomous transposable element En-1
mosaic protein
M25427
Unknown protein AY106683
DNA-binding protein X66077
High mobility group protein X58282
Putative RIRE2 orf3 AF466203
437 Histone acetyltransferase AJ428542 (GCN5)
Oxalyl-CoA decarboxylase TC249406
Malate synthase TC267874
(continued on next page)
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Table 2 (continued)
miRNA Targeted protein Target function Targeted genesa
444 MADS box protein Transcription factor TC271847, TC266762
Retinoblastoma-related protein TC271665
Heat shock factor protein hsf8-like TC276822
Unknown protein BQ538251
447 UDP-glucuronyltransferase TC261258
aEST homologs of Arabidopsis thaliana genes.
3760 B. Zhang et al. / FEBS Letters 580 (2006) 3753–3762in maize. A similar result was previously found in Arabidopsis
[15,16]. In this study, we also found that gl15 was potentially
targeted by maize miRNA 172.
In addition to rld 1, gl15, and ids1, we also found that many
other transcriptional factors are potential targets of maize
miRNAs. Scarecrow-like (GRAS domain) proteins (SCL),
SQUAMOSA-promoter binding proteins (SBP), NAC domain
proteins, F-box protein, MADS box protein, and pentatrico-
petide repeat (PPR)-containing protein have perfect or near-
perfect complementary sites with certain identiﬁed maize miR-
NAs (Table 2). AJ833966 (NAM1) and AJ833967 (NAM2) are
potential targets of maize miRNA 164. SBP, MYB, PPR,
CCAT-binding factor (CBF), SCL, and F-box transcription
factors are potential targets of miRNA 156, miRNA 159, miR-
NA 164, miRNA 171, and miRNA 394, respectively (Table 2).
MADS box protein maybe targeted by multiple maize miR-
NAs, such as miRNA 167, miRNA 319, and miRNA 444.
Some of these targets have been conﬁrmed in A. thaliana
and/or rice; some have not. However, we are not aware of
any reports in maize. The NAC domain transcription factor
plays an important role in both embryogenic and ﬂoral devel-
opment [67–69]. Loss-of-function of these genes resulted in
abnormal ﬂoral and shoot development in A. thaliana
[11,68,69]. Recently, six members (CUC1, CUC2, NAM,
NAC1, At5g07680, and At5g61430) of the NAC-domain gene
family in A. thaliana were identiﬁed as targets of miRNA 164
[11–13,70].
Auxin response factors (ARF), a plant-speciﬁc family of
DNA binding proteins, are involved in hormone signal trans-
duction [71]. Currently, a total of at least 23 ARFs have been
identiﬁed in A. thaliana [72]; of these, at least ﬁve have comple-
mentary sites with miRNAs. In this study, we found that
homologues of four Arabidopsis auxin response factors (ARF
3, ARF 4, ARF 6, and ARF 8) have at least one perfect- or
near-perfect complementary site with miRNA 167. This indi-
cates that miRNA 167 targets multiple members of ARF to
further regulate signal transduction in maize.
In addition to auxin response factors, we also found that his-
tidine-containing phosphotransfer (HPt) protein is potentially
targeted by maize miRNA 156. HPt protein is an important
component of histidine-aspartate phosphorylase [73,74].
Maize miRNAs also target genes that directly control cellu-
lar processes including sucrose and cellulose synthesis, ubiqui-
tin protein degradation pathway, and transport proteins. We
found that miRNA 437 may target malate synthase and oxa-
lyl-CoA decarboxylase, miRNA 395 targets ATP sulfurylase
(APS), miRNA 394 targets ADP-glucose pyrophorylase, and
miRNA 159 targets phosphatase PP2A–3.
Ubiquitin is an important gene regulation process at the
posttranscriptional level. It marks protein for degradation
[75]. Here, we found that maize miRNA 396 can perfectly com-
plement with the mRNA coding polyubiquitin-like protein.This suggests that maize miRNAs not only regulate gene
expression at the RNA level but may also indirectly regulate
gene expression at the protein level.
Several miRNAs appear to be involved in maize response to
various environmental stresses. Cytochrome P450 is a class of
proteins which play a role in toxicant oxidation. We found that
this class of proteins may be targeted by maize miRNA 319;
miRNA 396 may regulate the expression of cytochrome oxi-
dase. In addition, miRNA 396 and miRNA 444 may target
heat shock proteins. One target of miRNA 156, HPt protein,
is also involved in stress response [74].
miRNAs may be involved in their own biogenesis and/or
function in maize. ARGONAUTE proteins are a core compo-
nent of RISC [76,77], and they play an important role in miR-
NA functions. We found that maize miRNA 168 may target
ARGONAUTE gene AY109385 and TC274908. This result
has also been observed in A. thaliana [70,77].
Interestingly, miRNA 397 may target cellulose synthase,
which is involved in cell wall formation. We also found there
were perfectly or near-perfectly complementary sites for miR-
NAs in senescence-associated protein DH, histone acetyltrans-
ferase, nucleosome/chromatin assembly factor, RNA
polymerase sigma factor, and 60S ribosomal protein L13
(BBC1 protein homolog) (Table 2).
In summary, maize miRNAs may play an important role in
a variety of cellular and developmental processes. The 188
identiﬁed maize miRNAs not only target transcription factors
which control plant development and phase transition, but
also target genes which are involved in signal transduction,
stress response, sucrose and cellulose synthesis, and ubiquitin
protein degradation pathway. Some of the newly identiﬁed
miRNA targets may be unique to maize.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
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